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Rodents are major reservoirs of pathogens responsible for numerous zoonotic diseases in
humans and livestock. Assessing their microbial diversity at both the individual and popula-
tion level is crucial for monitoring endemic infections and revealing microbial association
patterns within reservoirs. Recently, NGS approaches have been employed to characterize
microbial communities of different ecosystems. Yet, their relative efficacy has not been
assessed. Here, we compared two NGS approaches, RNA-Sequencing (RNA-Seq) and
16S-metagenomics, assessing their ability to survey neglected zoonotic bacteria in rodent
populations.
Methodology/Principal Findings
We first extracted nucleic acids from the spleens of 190 voles collected in France. RNA
extracts were pooled, randomly retro-transcribed, then RNA-Seq was performed using
HiSeq. Assembled bacterial sequences were assigned to the closest taxon registered in
GenBank. DNA extracts were analyzed via a 16S-metagenomics approach using two
sequencers: the 454 GS-FLX and the MiSeq. The V4 region of the gene coding for 16S
rRNA was amplified for each sample using barcoded universal primers. Amplicons were
multiplexed and processed on the distinct sequencers. The resulting datasets were de-mul-
tiplexed, and each read was processed through a pipeline to be taxonomically classified
using the Ribosomal Database Project. Altogether, 45 pathogenic bacterial genera were
detected. The bacteria identified by RNA-Seq were comparable to those detected by 16S-
metagenomics approach processed with MiSeq (16S-MiSeq). In contrast, 21 of these path-
ogens went unnoticed when the 16S-metagenomics approach was processed via 454-
pyrosequencing (16S-454). In addition, the 16S-metagenomics approaches revealed a
high level of coinfection in bank voles.
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Conclusions/Significance
We concluded that RNA-Seq and 16S-MiSeq are equally sensitive in detecting bacteria.
Although only the 16S-MiSeq method enabled identification of bacteria in each individual
reservoir, with subsequent derivation of bacterial prevalence in host populations, and gen-
eration of intra-reservoir patterns of bacterial interactions. Lastly, the number of bacterial
reads obtained with the 16S-MiSeq could be a good proxy for bacterial prevalence.
Author Summary
The majority of human pathogens are of animal origin, i.e. zoonoses; both domestic and
wild animals act as host reservoirs. Epidemiological surveys of wildlife may help to pre-
dict, prevent and control putative episodes of emerging zoonoses. Microbial diversity
and their interactions at both the individual and population level may influence epidemi-
ological infections. Developing generic approaches able to simultaneously detect multi-
ple pathogens without any a priori information becomes essential. Here, we assess the
relative efficacy of distinct next-generation sequencing (NGS) approaches to survey
neglected zoonotic bacteria in rodent populations: RNA-sequencing (RNA-Seq) and
16S-metagenomics, with the latter resolved via two sequencing techniques, 454-pyrose-
quencing and MiSeq. The resulting data generated a thorough inventory of zoonotic bac-
teria in the rodent sample without any previous knowledge of their presence. We
concluded that RNA-Seq and 16S-MiSeq are equally sensitive in bacterial genus detec-
tion. Nevertheless, only the 16S approach was able to determine bacterial diversity in
each individual, which then permitted the derivation of bacterial prevalence and interac-
tion patterns within host populations. We are persuaded that NGS techniques are very
affordable candidates and could become routine approaches in future large-scale epide-
miological studies.
Introduction
A survey of infectious organisms revealed that 61% of human pathogens are of animal origin
[1]. Generally, humans are accidental victims and dead-end hosts for zoonotic agents carried
by both domestic and wild animal reservoirs. Rodents represent one of the major pathogen res-
ervoirs responsible for a wide range of emerging zoonotic diseases in humans and livestock
[2,3]. Rodent species are distributed across a vast range of habitats and often provide an inter-
face between wildlife and urban communities, exposing humans and domestic animals to path-
ogens circulating in natural ecosystems. Surveys of rodents and their associated pathobiome [4]
may help to predict, prevent and control putative episodes of emerging zoonoses. Thus, devel-
oping new approaches for pathogen detection without any prior knowledge of their presence is
essential. This is vitally important, as numerous studies have emphasized the role of rodents in
the transmission of both known and potential zoonotic agents, and also because the rodent
microflora composition may influence the likelihood of transmitting infection [5,6]. Indeed,
there is some evidence that interactions between pathogens can affect mammal infection risk
[7]. Rodents infected by cowpox virus exhibit higher susceptibility to other microparasites such
as Anaplasma, Babesia and Bartonella [8]. Conversely, infection with the hemoparasite Babesia
microtis, reduces rodent susceptibility to Bartonella spp. [8] Multiple coinfections have also
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been described for Croatian rodents [9] hence a community-based ecological perspective is
particularly relevant when studying zoonoses, both from epidemiological or evolutionary
points of view [4]. Therefore it is crucial to assess microbial diversity in order to monitor
endemic infections in natural populations, and also to reveal pathogen interactions within each
reservoir.
Until now, the identification of pathogens in animal reservoirs has relied on individual case-
by-case strategies, which are based on species-specific detection tests such as real-time quanti-
tative PCR (qPCR), DNA arrays or antibody detection. All these approaches require a certain
anticipation of the results, thus preventing the detection of microorganisms that are not known
or sought after. Considering that we have a rather incomplete picture of microorganism diver-
sity in reservoirs, it is highly likely that relevant pathogens may pass unnoticed. Thus the
detailed description of entire pathogen communities is a fundamental necessity. However, this
integrative scenario (i.e., complete screening of microbes in both hosts and vectors) has been
impaired due to technological limitations. Nowadays the one-at-a-time approach is no longer
feasible due to the high number of potential pathogens circulating in natural populations. Con-
sequently there is a pressing need to develop generic approaches which are able to simulta-
neously detect and characterize large numbers of pathogens without any a priori information.
Lately, next-generation sequencing (NGS) approaches combined with bioinformatics have rev-
olutionized many fields of research including that of infectious diseases. We and others have
demonstrated that NGS methods are highly efficient tools for detecting and characterizing new
microorganisms in ticks [10,11], viruses [12], bacteria [13,14] and parasites [15]. Such sequenc-
ing methods differ primarily by the nature of the samples (RNA- or DNA-based), by the strate-
gies to prepare the sequencing libraries and by the data analysis options used. There is a great
number of NGS methods, and in this study we compare the main ones using RNA and DNA
samples: transcriptomics and 16S metagenomics, respectively. Transcriptomics is based on the
sequencing of the total RNA and provides a comprehensive view of a transcriptional profile at
a given moment, thus reflecting the expression patterns of the pathogen community. 16S meta-
genomics is based on the sequencing of a DNA amplicon coding for the 16S rRNA gene com-
mon across all bacterial species, therefore allowing at once the amplification of all the bacterial
species that infected the host. Such approaches offer great potential for large-scale epidemio-
logical studies in wild animals, but as yet they have not been widely used in this context.
In this study, we evaluated the potential of NGS methods as tools for large-scale surveying
of zoonotic pathogens carried by rodents. As stated earlier, certain pathogens can often remain
undetected, either because they are as yet unknown, or simply because they are not expected in
a particular reservoir species or geographic area. To address these issues, we combined several
NGS approaches in order to establish a catalogue of zoonotic bacteria (without prior knowl-
edge of their existence), which then allowed us to derive their prevalence in the host popula-
tion. We also compared the efficiency of the two NGS approaches to detect zoonotic pathogens
in epidemiological studies; the RNA-sequencing (RNA-Seq), and the 16S metagenomics pro-
cessed with either 454 pyrosequencing or MiSeq technology.
Methods
Ethics statement
Animals were treated in accordance with the European Union legislation guidelines (Directive
86/609/EEC). The CBGP laboratory received approval (no. B 34-169-1) from the regional
Head of Veterinary Services (Hérault, France), for rodent sampling, sacrifice, and tissue har-
vesting. Dr Cosson had authorization from the French Government to experiment on animals
(no. C34-105).
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Sampling
The study area was located in the French Ardennes, a region endemic for many rodent-borne
pathogens [16,13,17]. The sampling of bank voles (Myodes glareolus) was performed in
autumn 2008 at ten trapping sites along an ~80 km transect line [18]. We used 190 bank voles
for our analyses. None of the animals presented visible signs of diseases and the ratio of male/
female and adult/young animals were merely equivalent in our sample set [18]. Once captured,
animals were euthanatized by cervical dislocation, weighed, sexed and then dissected. In order
to prevent cross contamination during dissection, we systematically alternated the use of sev-
eral sets of dissecting instruments. After dissecting a rodent and also harvesting the distinct
organs, the set used was soak in bleach for five minutes, rinsed with water and then in alcohol,
while the next rodent was dissected with another set [19]. Organs were placed in RNAlater
(Sigma, MO, USA) and immediately stored at -20°C for later analyses. In this study, we used
exactly the same 190 bank voles to compare two different approaches: transcriptomics and 16S
metagenomics, for detection of bacteria in rodents.
Laboratory procedures
Total RNA was extracted from the spleen samples of 190 bank voles using the TRIzol/chloro-
form protocol as detailed by the manufacturers (Life Technologies, CA, USA). The integrity of
RNA of the pool of samples was judged using an agarose gel. In addition the RNA integrity
number (RIN) was assessed with Agilent’s 2100 Bioanalyzer (Agilent Technologies, Germany)
software algorithm revealing an acceptable integrity of the RNA (RIN = 8.8). Genomic DNA
was also extracted from the spleen of each bank vole using the 96-Well Plate Animal Genomic
DNA Kit (BioBasic, ON, Canada) according to manufacturer’s instructions, with final elution
into 100 μl water. To detect bacteria in these samples we used two NGS approaches: RNA-
sequencing and 16S metagenomics. For the latter we analyzed DNA samples in parallel using
two different NGS platforms, the 454 GS-FLX (Roche, Basel, Switzerland) and the MiSeq (Illu-
mina, CA, USA). The main steps of both approaches are detailed below and in Fig 1.
High-throughput RNA-sequencing (RNA-Seq) was performed on an equimolar pool of all
190 RNA bank vole samples (Fig 1). Briefly, RNA was first retro-transcribed to cDNA, then
randomly amplified by the bacteriophage φ29 DNA polymerase-based multiple displacement
amplification (MDA) assay using random hexamer primers as described in [20]. Ligation and
whole genome amplification (WGA) were performed with the QuantiTect whole transcrip-
tome kit (Qiagen, Limburg, Netherlands) according to the manufacturer's instructions. The
Fig 1. Flow chart of the NGS approaches used for bacteria detection.RNA sequencing processed with HiSeq (RNA-Seq) vs. 16S metagenomics
processed with either 454-pyrosequencing (16S-454) or MiSeq (16S-MiSeq).
doi:10.1371/journal.pntd.0003929.g001
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library was paired-end (2 x 101 bp) sequenced [20] with the HiSeq2000 (Illumina, CA, USA)
obtaining 62 M of reads.
The 16S metagenomics approach was performed for each individual bank vole sample (190
in total). To obtain sequence data, two different NGS platforms were used: the Roche 454
GS-FLX pyrosequencing, or the IlluminaMiSeq system (Fig 1). For 454-pyrosequencing, PCR
amplification was performed on each rodent DNA sample using universal primers modified
from Claesson et al. [21] (520-F: AYTGGGYDTAAAGVG; 802-R: TACCVGGGTATCTAA
TCC). These amplified the V4 hypervariable region of the bacterial 16S ribosomal RNA gene
(16S rRNA), generating a 207 bp product, excluding primers. Amplicon lengths were designed
to be comparable with MiSeq amplicons. Primers were tagged by adding 7 bp multiplex identi-
fier sequences (MIDs) and 30 bp Titanium adapters to 5’ ends as described by Galan et al. [22].
Such adapters were required for emulsion PCR (emPCR) and subsequent 454 GS-FLX pyrose-
quencing using Lib-L Titanium Series reagents. We used the unique combination of 18 for-
ward- and 16 reverse-primers containing distinct MIDs that permitted the amplification and
individual tagging of 288 different 16S-amplicons. The tagged amplicons were then pooled,
purified by AMPure XP beads (Beckman Coulter, CA, US), size selected by Pippin Prep elec-
trophoresis (Sage Science, MA, USA), clonally amplified by emPCR and sequenced on a Roche
454 GS-FLX quarter picotiter plate. 454-pyrosequencing was subcontracted to Beckman Coul-
ter Genomics (Danvers, MA, USA). For IlluminaMiSeq sequencing, rodent DNA samples
were amplified using universal primers modified from Kozich et al. [23] (16S-V4F: GTGCC
AGCMGCCGCGGTAA; 16S-V4R: GGACTACHVGGGTWTCTAATCC), to amplify the bac-
terial 16S rRNA V4 hypervariable region, generating 251 bp products, excluding primers.
These primers were dual-indexed by adding 8 bp-indices (i5 and i7) and Nextera Illumina
adaptors (P5 and P7) as described by Kozich et al. [23]. We used a unique combination of 24
i5-indeces and 36 i7-indeces, this accredit the identification and hence the ability to multiplex
864 different amplicons. The pooled amplicon library was size-selected by excision following
low-melting agarose gel electrophoresis and purified using the NucleoSpin Gel clean-up kit
(Macherey-Nagel, PA, USA). DNA quantification was performed by quantitative PCR using
the KAPA library quantification Kit (KAPA BioSystems, MA, USA) on the final library, prior
to loading on the IlluminaMiSeq flow-cell using a 500 cycle reagent cartridge and 2 x 251 bp
paired-end sequencing.
Sequence analyses and taxonomic classification. RNA-Seq reads were trimmed accord-
ing to their quality score. At the time of analysis, there was no published reference genome for
Myodes glareolus, so vole sequences were removed from the analysis by subtracting sequences
derived from Rattus andMus databases using the SOAP2 aligner tool [24]. Then, de novo
assembly was performed on all remaining reads (7.7 Mio), producing 112,014 bacterial contigs.
Taxonomic assignment for contigs was achieved via successive sequence alignment using the
non-redundant nucleotide and protein databases from NCBI and the BLAST algorithm. Con-
tigs were assigned to the closest homolog taxon according to their identity percentage, and dis-
tant alignments were disregarded. Unambiguous assignments to specific taxons only occurred
when percentage similarity between a contig (longer than 100 nt) and a specific taxon sequence
was 95% (and lower when compared to other species). The 16S metagenomics data sets were
processed using the Galaxy instance [25] (http://galaxy-workbench.toulouse.inra.fr/). To ana-
lyze the 16S-amplicon reads generated by 454 or MiSeq, two distinct pipelines were imple-
mented using the Mothur program package [26], following the standard operating procedure
of Patrick D. Schloss [27,23]. These pipelines were composed of several stages. The first corre-
sponded to data pre-processing: for Roche 454-pyrosequencing, reads were de-multiplexed and
primers discarded, for IlluminaMiSeq, paired-reads were assembled. For both technologies,
reads were then trimmed based on their length and quality score, and unique sequences were
NGS for Epidemiological Surveys of Neglected Zoonotic Bacteria
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subsequently regrouped and chimeric sequences removed. To remove sequencing errors before
sequences were associated with a taxonomic classification, pre-clustering at 3% dissimilarity
threshold was performed. Taxonomic assignment was based on a naïve Bayesian classifier [28]
using Bergey’s bacterial taxonomy [29] and the Ribosomal Database Project (RDP classifier)
[30]. Arising from this procedure, 271,527 and 4,302,490 reads were assigned to bacteria using
454-pyrosequencing and MiSeq, respectively. As recommended by Claesson and his colleagues
[31] we used a bootstrap cut-off value 60%, which allowed 94.5% of the reads to be correctly
assigned to a bacterial genus when using the V4 region of 16S rRNA gene. Because the V4
hypervariable region has a higher degree of sequence conservation compared to other hyper-
variable regions, it has been speculated that this sequence may not be ideal for species differen-
tiation [32], therefore, for such a reason, we analyzed our bacterial taxa at the genus level.
Finally, we focused on those bacterial genera that included species known or suspected to be
zoonotic. To this aim, we performed a systematic literature review [33,34,35,36,37] to identify
zoonotic bacteria carried by rodents. Data deposited in the Dryad repository: http://dx.doi.org/
10.5061/dryad.50125 [38].
Bacterial occurrence and prevalence. Taxon prevalence was calculated as the number of
rodents positive for a particular bacterium, over the total number of rodents analyzed. Rodent
samples were considered positive for a given bacterium when the number of reads exceeded
five in that sample. We set the five-read threshold in order to minimize false positives due to
potential taxonomic misidentification using the RDP classifier, and/or a possible read misas-
signment due to MIDs or indeces misidentification [31,39]. As this threshold value is quite
arbitrary and deserves further investigation, we performed thorough validation tests. Accord-
ingly, we repeated our analyses with two other threshold values,>1 read and>10 reads, and
measured the impact of threshold value variation on results. Finally, rodent co-infection by
several bacteria was assumed when more than five reads for each bacteria were recorded in the
same rodent sample. For these calculations we used 16S-MiSeq data due to its higher coverage
for each individual (mean = 23,440 reads/sample) compared to 454 data (mean = 1,454 reads/
sample).
Results
Inventory of zoonotic bacterial genera
A total of 45 potential zoonotic bacterial genera were detected within the analyzed rodent sam-
ples (Table 1). We noticed remarkable congruence between RNA-Seq and 16S-MiSeq results,
which detected 95.5% and 91% of 45 genera, respectively. Only a few genera were exclusively
detected by either just one or the other approach, and had low read numbers (<90 reads for
RNA-Seq and<545 reads for 16S-MiSeq), and a low prevalence of<4% positive rodents for
16S-MiSeq data (Table 1). In comparison, the 16S-454 approach was far less efficient, detecting
only 53% of the 45 genera. Generally, zoonotic bacteria with prevalences less than 10% were
not detected by the 16S-454. This is likely due to differences in sequencing depth for the vari-
ous techniques, which resulted in 23,311 zoonotic bacterial reads using the Roche 454 GS-FLX
(16S-454), 41,616 reads using the IlluminaHiSeq (RNA-Seq), and 1,811,652 reads using the
IlluminaMiSeq (16S-MiSeq).
Most well-known pathogens for which European rodents are reservoirs were detected, nota-
bly Bartonella, Rickettsia, Borrelia, Neoehrlichia and Anaplasma. Whilst Francisella and Cox-
iella were only found using RNA-Seq, with low numbers of recorded reads. Nevertheless, we
also detected the genus Orientia, for which the only known species (O. tsutsugamushi) is a
rodent-borne bacterium responsible for scrub typhus in Asia [40]. Non-arthropod-borne bac-
terial genera were also detected, including pathogens responsible for zoonotic diseases in
NGS for Epidemiological Surveys of Neglected Zoonotic Bacteria
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Table 1. Bacterial genera detected integrating zoonotic species. The number of bacterial reads obtained with each NGS approach are described, as
well as some ecological information. RNA-sequencing processed with HiSeq (RNA-Seq) vs. the 16S metagenomics processed either with 454-pyrosequen-
cing (16S-454) or with MiSeq (16S-MiSeq) are noted.





Aeromonas Saprophytes living in humid environments, opportunistic animal
pathogens
210 1 479 21
Anaplasma Intracellular animal and human parasites, vectored by arthropods
(ticks), responsible for mammal diseases
14 0 24 2
Bacillus* Saprophytes in soil and water, some species are pathogenic for
mammals (anthrax and food poisoning)
1,144 0 233 7
Bartonella Intracellular parasite, vectored by arthropods (ticks, ﬂeas, sans
ﬂies, mosquitoes), responsible for mammal diseases
275 21 898 1,725,562 166
Bordetella Obligate parasites responsible for respiratory diseases in
mammals (whooping cough)
994 0 20 0
Borrelia Obligate animal parasites, vectored by arthropods (ticks, lice),
responsible for Lyme disease and relapsing fever in mammals
373 45 566 4
Brucella Intracellular parasites via direct transmission (food, aerosols),
responsible for diseases in mammals
31 0 32 0
Burkholderia* Saprophytes, some species are pathogenic for plants and animals 573 0 179 6
Campylobacter Commensals in gut of many birds and mammals, opportunistic
pathogens (food poisoning) for mammals
229 0 298 5
Clostridium Common free-living bacteria of commercial interest as well as
important pathogens (botulism, tetanus) for mammals
1,501 0 12 1
Corynebacterium* Saprophytes of industrial use, some species are pathogenic
(diphtheria, endocarditis) for mammals
467 21 5,025 82
Coxiella Intracellular parasite of arthropods (endosymbionts of arthropods)
and vertebrates, transmitted by aerosols, mucus and rarely by
ticks, agent of Q fever
21 0 0 0
Ehrlichia/
Neoehrlichia
Intracellular parasites of vertebrates, vectored by arthropods
(ticks), responsible for diseases in mammals
40 0 17 1
Enterococcus Commensals of digestive tract, opportunistic pathogens
(septicemia, urinary tract infection) of mammals
228 0 162 3
Eubacterium Commensals in vertebrates gut, opportunistic pathogens in
humans
221 0 40 12
Francisella Intracellular parasite of arthropods and vertebrates, transmitted by
direct contact and vectors (ticks, mosquitoes, ﬂies), responsible for
mammal diseases (tularemia)
71 0 0 0
Granulicatella Commensals of mucosal surfaces, opportunistic pathogens 0 0 545 8
Haemophilus Commensals of mucosal surfaces, opportunistic pathogens 76 25 1,121 17
Helicobacter Pathogens living in stomach and liver, responsible for mammal
diseases (chronic gastritis, cancer)
25,944 35 6,532 81
Klebsiella Saprophytes in soil and water, commensals of gastrointestinal
tract, opportunistic pathogen responsible for septicemia,
pneumonia in mammals
110 1 30 0
Legionella* Saprophytes in soil and water, some species are agents of
mammal diseases (pneumonia)
68 54 5,065 105
Leptospira Saprophytes in humid environments, many species are agents of
mammal diseases (leptospirosis)
330 183 1,936 4
Listeria Saprophytes in soil and water, opportunistic pathogen causing
serious diseases in mammals (listeriosis)
125 1 154 6
Mannheimia Saprophytes of the upper respiratory tract, opportunistic
pathogens in mammals (pneumonia)
6 2 266 4
(Continued)
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Table 1. (Continued)





Micrococcus* Saprophytes in soil and water, commensals of skin, opportunistic
pathogens
26 8 1,231 39
Moraxella Commensals of mucosal surfaces, opportunistic pathogens (lower
respiratory tract infections)
8 211 106 1
Mycobacterium Saprophytes in humid environments, includes pathogens known to
cause serious diseases in mammals (tuberculosis, leprosy)
1,195 0 735 20
Mycoplasma Saprophytes, commensals of mucosal surfaces and parasites
responsible for mammalian diseases (pneumonia, arthritis, cancer)
1,260 0 210 6
Neisseria Commensals of mucosal surfaces, some species are pathogenic
(gonorrhea, septicemia) for mammals
3,399 7 1,183 15
Neochlamydia Endosymbiont of the amoebae, causative agent of diseases in
mammals.
0 1 65 2
Nocardia Saprophytes in soil, commensals of oral cavity, opportunistic
pathogens
95 6 30 1
Orientia Intracellular animal parasites, transmitted by vectors (trombiculid
mites), responsible for human disease (scrub typhus)
16 95 7,806 22
Pasteurella Commensals of mucosal surfaces, many species are opportunistic
mammalian pathogens, infection acquired from animal bites and
direct contact
40 192 69 2
Rhodococcus* Saprophytes in soil and water, one species is pathogenic for
animals (pneumonia)
321 3 8,977 147
Rickettsia Intracellular parasite, transmitted by vectors (ticks, ﬂeas, chiggers,
lice), responsible for human diseases (spotted fever, typhus)
157 1 770 5
Salmonella Saprophytes in humid environments, opportunistic pathogen
(typhoid fever, food poisoning)
90 0 0 0
Shigella/Escherichia Commensals of the digestive and urinary tracts, opportunistic
pathogens (diarrhea to dysentery)
70 1 676 12
Spiroplasma Symbionts in the gut or insect hemolymph, few species are
pathogenic for mice (cataracts and neurological damage)
67 2 20,449 18
Staphylococcus* Saprophytes in soil, commensals of skin and mucosal surfaces,
opportunistic pathogens (septicemia, food poisoning)
235 0 6,429 95
Stenotrophomonas* Saprophytes in soil and opportunistic pathogens of respiratory or
urinary tracts
84 0 3,463 72
Streptococcus* Saprophytes in soil and water, commensals of skin and mucosal
surfaces, opportunistic pathogens (septicemia, meningitis,
pneumonia)
687 34 5,102 69
Treponema Commensals of mucosal surfaces, some species responsible for
syphilis and skin infections
190 9 382 7
Ureaplasma Commensals of urogenital tracts, opportunistic pathogens 139 0 27 1
Vibrio Saprophytes in humid environments, opportunistic pathogens
(food-borne infection)
420 0 25 1
Yersinia Saprophytes in soil and water, some species are pathogenic for
mammals (plague, yersiniosis)
64 0 5,616 120
Total 41,614 22,836 1,811,649 190
* These bacterial genera have been identiﬁed as a contaminant of DNA extraction kit reagents and ultrapure water systems, which may lead to their
erroneous appearance in microbiota or metagenomic datasets [43](Salter et al. 2014)
doi:10.1371/journal.pntd.0003929.t001
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humans. High numbers of Leptospira were recorded by both RNA and DNA approaches. Heli-
cobacter, Spiroplasma,Haemophilus,Mycobacterium and Neisseria were also reported with
high numbers of reads. A large number of bacterial commensals and saprophytes that could
become opportunistic pathogens under certain conditions, were also detected, including Aero-
monas, Bordetella, Brucella, Campylobacter, Clostridium, Enterococcus, Eubacterium, Granuli-
catella, Klebsiella, Listeria,Mannheimia,Moraxella,Mycoplasma, Nocardia, Pasteurella,
Shigella, Treponema, Ureaplasma and Vibrio. Furthermore, we also detected a number of
opportunistic pathogens with very high numbers of reads and in a large number of rodents
(Table 1). Bacteria which frequently contaminate laboratory reagents, namely Corynebacte-
rium, Legionella,Micrococcus, Rhodococcus, Staphyloccocus, Stenotrophomonas and Streptococ-
cus, were notably abundant in our samples. Accordingly, we identified reads from those
bacteria in our 16S-MiSeq negative controls, most notably Corynebacterium (4% of the reads
obtained for this bacterium were identified in the negative controls), Legionella (0.3%), Rhodo-
coccus (2.2%) and Staphyloccocus (4%).
Identification to a bacterial species level
In some cases, RNA-Seq data resulted in the identification of bacteria to the species level,
which was not feasible for 16S metagenomics data with poorer accuracy at this taxonomic
level. Species assignment using RNA-Seq data occurred for 7 distinct genera, leading to 11 bac-
terial species: Bartonella birtlesii (with a 100% nucleotide identity), B. vinsonii (100% identity),
B. doshiae (98% identity),Helicobacter pylori (99.9% identity), Burkholderia cepacia (99% iden-
tity), Bacillus thuringiensis (97.2% identity), Eubacterium siraeum (97.2% identity), Klebsiella
pneumonia (97.6% identity),Mycoplasma haemomuris (98.2% identity),M. haemocanis
(96.5% identity) andM. haemofelis (96.6% identity).
Relative abundance of zoonotic bacteria
The number of bacterial reads varied greatly according to the bacterial genera considered and
the NGS approach used (Table 1 and S1 Fig). In particular, 16S metagenomics generated a
large majority of Bartonella reads. They represented 94% of zoonotic bacterial reads produced
using 16S-454, 95% using 16S-MiSeq, while only 0.7% via RNA-Seq; which, respectively,
equated to 8.1%, 40.1%, and 0.2% of total bacterial reads (or 0.8% after applying genome length
corrections described by Mortazavi and co-workers [41]). It should be kept in mind that
RNA-Seq generates reads from random amplifications of a fragmented library, which produces
length bias as longer genomes are more regularly amplified, and thus present higher counts in
contrast to shorter genomes [41]. Hence RNA-Seq can only be informative about relative tran-
script abundance, unless additional data, such as “spike-in” transcript levels, are added for
absolute quantification. Overall, the relative abundance of zoonotic bacteria genera was more
evenly balanced with RNA-Seq data than that obtained using 16S metagenomics data (S1 Fig).
Accordingly, we found no significant correlation between the numbers of bacterial reads pro-
duced by RNA-Seq or 16S metagenomics (RNA-Seq vs. 16S-454: R2 = 0.019, P = 0.688; RNA--
Seq vs. 16S-MiSeq: R2 = 0.015, P = 0.206; S2 Fig).
Prevalence of bacterial DNA-positive animals
To estimate the bacterial prevalence within our sample, we reported the number of positive
rodents (at least five 16S-Miseq reads) for each of the 45 zoonotic bacterial genera detected.
We found a large variation in prevalence across bacterial genera. Among vector-borne bacteria,
Bartonella was the most prevalent (>5 reads in 89% of the rodents) followed by Orientia
(12%), Borrelia (4%), Rickettsia (3%), Neoehrlichia (1%) and Anaplasma (1%). Among other
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bacteria, Helicobacter was detected in 48% of rodents,Mycobacterium in 15%, Neisseria in
14%, Haemophilus in 13%, Spiroplasma in 11%,Mycoplasma in 5%, and Leptospira in 2%. Fur-
thermore, the presence of bacteria known to contaminate laboratory reagents was notably
high, including Rhodococcus (82%), Legionella (63%), Staphylococcus (58%), Corynebacterium
(49%), Streptococcus (45%), Stenotrophomonas (42%) andMicrococcus (29%), thus likely sug-
gesting that these bacteria were of contaminant origin rather than actually infecting rodents.
Correlations between zoonotic bacterial read number and their prevalence were weak using
both RNA-Seq (R2 = 0.053, P = 0.069; Fig 2) and 16S-454 approaches (R2 = 0.088, P = 0.027;
Fig 2), whilst the correlation was positive and highly significant for the 16S-MiSeq methodol-
ogy (R2 = 0.763, P<0.001; Fig 2). The use of different threshold values to validate positivity
(>1 read,>5 reads and>10 reads) did not influence bacterial genera detection across the
whole sample. However, it did change results at an individual level, thus directly affecting prev-
alence estimates. We observed an average 2% increase in prevalence rates when the threshold
was lowered to one read, and an average 4% decrease when fixed to 10. Note that these thresh-
old values did not affect the relationships observed between the number of bacterial reads and
their prevalence (Threshold>1: RNA-Seq: R2 = 0.035, P = 0.113; 16S-454: R2 = 0.067,
P = 0.047; 16S-MiSeq: R2 = 0.773, P<0.001. Threshold>10: RNA-Seq: R2 = 0.040, P = 0.099;
16S-454: R2 = 0.094, P = 0.023; 16S-MiSeq: R2 = 0.747, P<0.001; S3 and S4 Figs).
Co-infection
Since the 16S-MiSeq approach has highly efficient bacterial detection with the option of multi-
plexing, its results proved suitable for calculating bacterial prevalence but also deriving coinfec-
tions. Bacterial genera suspected to be contaminants (see above in the text and Table 1) were
analyzed independently. We also separately analyzed vectored bacteria (i.e. transmitted via
arthropods) and non-vectored bacteria because of their very different transmission routes and
epidemiology. The co-infection rate for both vectored and non-vectored bacteria was 27% and
39% respectively (Fig 3). The mean number of bacteria per rodent was comparable for bacteria
either transmitted via the environment (mean = 1.5 bacteria genus/rodent) or by arthropods
(mean = 1.4 bacteria/rodent). The mean number of contaminant bacteria per rodent was high
(mean = 4.4). However, the two other tested rodent positivity threshold values for each given
Fig 2. Correlation between the number of bacterial reads versus the number of rodent samples with at least five reads.Number of reads are those
from RNA sequencing processed with HiSeq (RNA-Seq), and 16S metagenomics processed with either 454-pyrosequencing (16S-454) or MiSeq
(16S-MiSeq). The number of positive samples is taken from 16S-Miseq results. Correlation coefficients (R2) and statistical significance (P) are 0.069
(P = 0.069), 0.088 (P = 0.027) and 0.763 (P<0.001), respectively.
doi:10.1371/journal.pntd.0003929.g002
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bacterium did not strongly affect these results. An average increase of 0.6 bacteria per rodent
was observed for the one read threshold, compared to an average decrease of 0.3 bacteria per
rodent for the 10 read threshold (S5 and S6 Figs).
Discussion
Recently a number of studies have used random DNA-based [42], RNA-based [13] or 16S-
based NGS strategies [14] to generate global pictures of wildlife-borne bacteria. However up
until now, the pros and cons of these strategies have not been directly compared. Here we per-
formed whole transcriptome (RNA-sequencing) and 16S metagenomics analyses on the same
sample set of 190 bank voles. Below we discuss the advantages or drawbacks associated with
each approach, as well as comparing their efficacy for generating bacterial inventories
(Table 2). We also evaluated their usefulness in deriving bacterial prevalence within rodent
populations, as well as co-infection rates within individual rodents.
Inventory of bacteria identified in rodents
We found that the bacterial genera detected by both RNA-Seq and 16S-MiSeq were remarkably
congruent. Contrastingly, the 16S-454 was far less efficient as zoonotic bacteria with low preva-
lences were not detected. This is very likely due to differences in sequencing depth for each of
the techniques used.
Most of the bacterial genera detected in the rodent samples were expected, i.e. already
known to be hosted by rodents within the geographic area (Les Ardennes region, NE France).
The high number of Leptospira RNA and DNA reads confirmed the important role of wild
rodents in the circulation of leptospires in natural habitats. Likewise the high number of Heli-
cobacter, Spiroplasma,Haemophilus,Mycobacterium, and Neisseria reads suggested consider-
ably high infection rates for such bacteria in wild rodents. The high abundance of Yersinia
reads could also indicate high and regular infection by Yersinia pseudotuberculosis, a well-
known rodent parasite, yet Yersinia species are also common saprophytes of soils and water
and their presence in our samples could also result from contamination. This point deserves to
be further studied. The detection of bacterial commensals and saprophytes from RNA extracts
Fig 3. Distribution of the number of bacteria genera per rodent according to their transmission
pathway (vectored vs. non-vectored bacteria).Contaminants of laboratory reagents are also shown. The
results shown are from the MiSeq data. Prevalence is estimated using the number of rodent samples with at
least five reads.
doi:10.1371/journal.pntd.0003929.g003
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suggests that these microorganisms were actively replicating in rodent spleens, therefore indi-
cating effective infection of rodents by these bacteria in natural habitats. Corynebacterium,
Legionella,Micrococcus, Rhodococcus, Staphyloccocus, Stenotrophomonas and Streptococcus
were abundant, yet their actual presence in rodent spleens remains dubious as these genera are
known to be frequent contaminants of nucleic acid extraction reagents and ultrapure water sys-
tems [43].
The use of these NGS approaches allowed us to highlight unforeseen bacteria in our rodent
sample, either because the bacterium was not previously observed in the studied geographic
area or because it was not expected in wild rodents. This was the case for Orientia,Helicobacter,
and Spiroplasma.
Orientia. the causative agent of scrub typhus, for which the only known species O. tsutsu-
gamushi is a rodent-borne bacterium responsible for Asian scrub typhus [40]. It is transmitted
to humans by the bite of infected chigger mites (primarily Leptotrombidium spp.) [44]. In Asia,
approximately one million cases of scrub typhus occur annually, where it is probably one of the
most underdiagnosed and underreported febrile illnesses requiring hospitalization [45], with
an estimated 10% fatality rate unless treated appropriately. Formerly thought to be geographi-
cally restricted to Asia, the Orientia bacterium has never before been reported in Europe. Phy-
logenetic analyses of the V4 sequences generated by the MySeq experiment suggest that the
bacteria detected in our European voles are quite divergent from Orientia tsutsugamushi, and
Table 2. Pros and cons of different NGS approaches used for epidemiological surveying of bacterial pathogens. RNA-sequencing processed with
HiSeq (RNA-Seq) vs. 16S metagenomics processed with either 454-pyrosequencing (16S-454) or MiSeq (16S-MiSeq).
RNA-Seq 16S metagenomics
Hiseq 2000 MiSeq 454
Coverage:
Catalog of bacterial genera High High Poor
Completeness of catalog 91% 89% 41%
Completeness of databases Moderate High High
Taxonomic accuracy Species Genus Genus
Resolution of sample sequencing1 Pool Individual Individual
Multiplex capability Low High Moderate
Prevalence estimates2 Poor Accurate Poor
Bacterial interaction studies2 None Allowed Poor
Ratio reads from bacteria/reads from host3 Low High High
Laboratory costs
Price / lane  5 000 €  1 200 €  3 400 €4
Price / Mb  0.008 €  0.2 €  5 €
Sequencing characteristics
Output data / lane 40 Gb 6 Gb 0.1 Gb4
Reads / lane 200–300 M 12 M 0.2 M4
Homopolymer errors Low Low High
Read length 2x101 bp 2x251 bp  400 bp
Time/run 14 days 39 hours 10 hours
1 While theoretically possible, getting data for individual samples seems unaffordable for cost reasons;
2 Depends on the ability to multiplex large numbers of samples with concomitant high sample read numbers;
3 RNA-Seq produces large numbers of non-bacterial sequences (i.e. host, parasites and viruses);
4 Price and throughput for one region of a 4 region gasket PicoTiterPlate 454 Titanium run (PTP)
doi:10.1371/journal.pntd.0003929.t002
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could represent a new species or lineage [46]. This example highlights the potential of new
NGS tools for the surveillance of neglected diseases in localities where they do not appear on
the public health service radar.
Helicobacter. With the exception ofHelicobacter pylori which has been intensively studied
[47], other Helicobacter species are neglected in animal and human epidemiological studies.
However, non-pylori Helicobacter species (NPHS), which are naturally found in mammals and
birds, have been detected in human clinical specimens, thus the role of NPHS in veterinary and
human medicine is becoming increasingly recognized [36,48,49]. Concerning rodents,
researchers have isolated at least eleven NPHS species liable to cause health disorders in
domestic rodents like mice, rats, and hamsters (H. hepaticus,H.muridarum,H. bilis,H. roden-
tium,H. typhlonius,H. ganmani,H. trogontum,H. cinaedi,H. cholecystus,H. aurati, andH.
mesocricetorum).
Spiroplasma. This diverse genus is associated with many host plants and arthropods, par-
ticularly insects. Many studies have shown that Spiroplasma-arthropod associations are com-
mon [50], and this genus has occasionally been reported as pathogenic for mice and cattle [51].
Up to now, there have been no reported cases of Spiroplasma presence in natural rodent
populations.
Bacterial contaminants of laboratory reagents
Recent work by Salter and his colleagues [43] highlighted the confounding effect on metage-
nomic studies of bacterial contamination from DNA extraction kits and other laboratory
reagents. Contaminating DNA was demonstrated to be ubiquitous in commonly used DNA
extraction kits, and to vary greatly in composition between different kits and kit batches. This
contamination could critically impact the results of many metagenomic studies. Moreover
Salter et al. [43] stressed that this impact would potentially be more severe when working on
samples containing low microbial biomass and/or low total DNA. This could be the case for
our biological samples because high bacterial loads are not expected in rodent spleens, unless
the animals were heavily infected. In accordance with Salter et al. [43] we had indirect evidence
for contamination of our samples by potentially pathogenic bacterial species like Staphylococ-
cus and Streptococcus. The detection of contaminating bacteria with both RNA-Seq and 16S
metagenomics proves that such bacteria are actively replicating, although their presence could
result from both contamination of our samples by laboratory reagents and/or true rodent infec-
tions (at least for some of them). Distinguishing between those two possibilities seems difficult,
if not impossible. In any case, our results urge epidemiologists to be cautious when deducing
animal infection by the above bacterial species when using DNA-based approaches. We suggest
that blank controls should be systematically introduced at different experimental stages
throughout metagenomics studies. This becomes especially relevant for epidemiological studies
where some important potential pathogenic bacterial genera are also common contaminants of
laboratory reagents.
Number of reads and relative bacterial abundance
We observed a lack of correlation between the numbers of bacterial reads produced by the dif-
ferent NGS approaches, suggesting that this parameter is a poor predictor of relative bacterial
abundance. This major difference in read number arising from the various approaches could
be due to several reasons, as discussed below:
Sequencing depth (the average number of times each base in the genome is sequenced) and
sequencing coverage (the percentage of the genome that is covered by sequenced reads) varied
among the three NGS techniques: the Roche 454 GS-FLX and the IlluminaMiSeq and HiSeq;
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the latter being the most powerful in terms of amount of data generated i.e. both sequence
depth and coverage. In this case HiSeq was used to perform whole transcriptome sequencing
(RNA-Seq) of an RNA sample pool extracted from 190 rodent spleens, for this reason only a
portion of the large number of obtained reads identified bacteria (reads corresponding to
viruses, protozoa, and rodents were not analyzed in this study). In contrast, the alternative 16S
metagenomics approach, (performed using both 454-FLX and MiSeq), was used to specifically
amplify bacterial sequences. Thus we analyzed the totality of the reads obtained. In this way we
obtained 271,257 bacterial reads using the Roche 454 GS-FLX (16S-454), 112,014 reads using
the IlluminaHiSeq (RNA-Seq), and 4,302,490 bacterial reads using the IlluminaMiSeq
(16S-MiSeq).
The process of genome amplification might also explain the differences observed with
regard to the number of reads obtained. The approaches compared here used different tem-
plate amplification strategies, and their performance could impact the number of reads gener-
ated. The Roche technology utilized emulsion PCR, whilst Illumina technology employed
clonal bridge amplification. In addition, RNA-Seq used random primers permitting the ampli-
fication of any kind of DNA sequence, whilst the 16S approach is based on universal primers
that likely unevenly target different bacterial species/genera. In this study, the Roche and Illu-
mina 16S metagenomics analyses targeted the same 16S rRNA hypervariable region, but differ-
ent universal primers were used depending on the sequencing technology (Roche or Illumina)
and indeed the performance of either primer set may influence the amplification of certain bac-
teria species/genera. Therefore, the choice of these universal primers is crucial for the perfor-
mance of such studies [52].
Variation in 16S genomic copy number among bacterial organisms may affect the relative
abundance of the different bacteria using the 16S approach. 16S rRNA copy number varies
greatly between species, ranging from 1 to 15 [53]. Consequently, variation in relative 16S gene
abundance within a rodent sample can either reflect variation in the abundance of different
bacterial organisms, or variation in 16S gene copy number among those organisms. This factor
is of special importance when 16S metagenomics data is used to quantify taxa.
Additionally, specific biological processes of each bacterial species could also play a role in
the presence and subsequent amplification and detection of such bacterial organisms in rodent
spleens. For example, we were surprised by the huge difference in the relative abundance of
Bartonella reads provided by the 16S-MiSeq (95%) vs. RNA-Seq (<1%). The most likely
hypothesis is related with (what is known about) the biology of Bartonella within its mamma-
lian host [54]. The currently accepted model holds that immediately after infection, Bartonella
colonizes an unknown primary niche of mammalian host, most likely vascular endothelial
cells. Every five days, some of the bacteria in the endothelial cells are released into the blood
stream, where they infect erythrocytes. Then bacteria invade a phagosomal membrane inside
the erythrocytes, where they multiply until they reach a critical population density. At this
point, they simply wait until they are taken up with the erythrocytes by a blood-sucking arthro-
pod. The spleen plays important roles with regard to erythrocytes. It removes old erythrocytes
and holds a reserve of erythrocytes that are highly infected by non-replicating Bartonella,
which do not produce RNA molecules. Moreover, due to its central role in recycling erythro-
cytes, the spleen could also store a large amount of degraded DNA of dead Bartonella. The
cumulative effect of both processes might presumably explain the huge difference in relative
abundance of Bartonella reads detected by 16S-MiSeq vs. RNA-Seq. The choice of organ to be
studied likely has an important impact on the detection or misdetection of a given bacteria,
and subsequently on our understanding of the composition of bacterial communities within
hosts.
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Finally, databases used for taxonomic classification may also be of significant importance
when establishing bacterial inventories. The resulting taxa classification depends on available
reference sequences and the taxonomic hierarchy used. Taxonomic assignation of RNA-Seq
data was achieved via the BLAST algorithm against the NCBI database. Homology of 95% to
an archived taxon permitted the classification of contigs. Consequently, divergent contigs were
not taxonomically assigned; nevertheless this approach was able to classify more bacteria than
with the 16S approach. For 16S data we used the RDP classifier, as the hypervariable region of
our choice (V4) was better represented in that database than in other ribosomal databases [55].
It is likely that using other databases, i.e. Silva [56] or GreenGenes [57], would uncover other
taxa that are as yet undetected by the RDP classifier. Hence, Werner and his colleagues [58]
evaluated the impact of major ribosomal databases on bacterial taxonomic assignation. We did
the same and discovered thatMycoplasma, which was detected at low levels using the RDP
classifier, was copiously recorded (228,081 reads) when using the Silva database.
Accuracy of taxonomic assignation
An important limitation of the approaches performed here is the accuracy level of the taxo-
nomic assignation; to some extent, RNA-Seq allows taxa classification at a species level whilst
16S metagenomics classification is generally restricted to the genus level. For 16S metage-
nomics data, taxonomic assignation accuracy is limited by the barcode chosen to discriminate
bacterial organisms. The 16S rRNA gene is approximately 1550 base pairs long, and difficult to
sequence in its totality using current high-throughput sequencing methods. Although assembly
steps do exist [59], they are not frequently used because they increase experimental complexity
and cost. Instead, a portion of the 16S rRNA gene is usually amplified using specific sets of uni-
versal primers. The nine hypervariable (V) regions of the 16S rRNA gene differ between spe-
cies, and depending on the V region chosen, one can discriminate some species but not others.
Hence the use of different V regions influences operational taxonomic unit (OUT) clustering,
suggesting caution when analyzing these data [27]. For this study we used the V4 hypervariable
region which has poor resolution below the genus level [31] but a sequence length compatible
with current sequencing technologies. Alternately, RNA-Seq has a higher potential for provid-
ing accurate bacterial-species assignation as recently shown by Vayssier-Taussat and colleagues
[13], although it is currently limited by the lack of comprehensive genomic databases. Up to
now only a small fraction of identified bacteria have been sequenced in their entirety, but
owing to the fact that more bacteria are sequenced each year, this limitation should be miti-
gated in the future, facilitating more accurate bacterial taxonomic assignation.
In conclusion, the NGS methodologies presented here should be seen as effective means by
which initial screening of bacterial communities can be performed in very large biological sam-
ples, either in populations (RNA-Seq) or individually (16S metagenomics). Based on these pre-
liminary results, other methods could then be employed for bacterial species-level assignment.
This may involve the use of PCR assays with bacterial genus-specific primers followed by
amplicon sequencing as commonly used for Bartonella [60] or Rickettsia [61] species identifi-
cation, or the use of qPCR assays based on bacterial species-specific primers [62]. In contrast to
these specific approaches, NGS techniques have the outstanding advantage of being non-spe-
cific, thereby allowing the description of unexpected or potentially novel bacteria. Instead of
being considered as alternatives, these approaches should be thought of as complementary.
Bacterial prevalence estimates
It is tempting to derive bacterial prevalence using 16S-MiSeq data, since RNA-Seq does not
provide individual sample information and 454-pyrosequencing is much less effective. The
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vector-borne bacterial prevalences estimated in this study are comparable to those observed in
previous studies of wild rodents. Bartonella was the most prevalent in the rodent population
[54] but other less predominant bacteria were also detected circulating in the population, such
as Borrelia [63], Rickettsia [64], Neoehrlichia [65] and Anaplasma [66]. We however perceived
that this strategy requires improved documentation. Defining an appropriate infection positiv-
ity threshold for individuals seems crucial, although we observed that this has only a slight
impact on the results when using different threshold values. Choosing a correct threshold
should rely on thorough analyses of potential biases, in particular those caused by incorrect
sample read assignments and taxonomic misidentification. Such evaluation requires the perfor-
mance of complementary experiments. Likewise the comparison of the 16S-MiSeq approach
with PCR and qPCR-based approaches for specific bacteria needs to be documented to give a
comprehensive picture of the pros and cons of those approaches for epidemiological surveys in
terms of sensitivity and specificity.
Utilizing 16S-MiSeq read number as a reliable predictor of bacterial prevalence opens excit-
ing perspectives for large-scale epidemiology. For instance, the monitoring of bacterial zoo-
notic agents in space and time over large geographic areas could be implemented via the
analysis of population pools rather than per individual vectors and/or reservoirs. Such a strat-
egy, which still needs to be thoroughly evaluated, would dramatically increase the number of
monitored locations for the same amount of field and laboratory effort.
Perspective: A general strategy for epidemiological survey
The results obtained by these NGS approaches allowed us to generate an almost complete
inventory of potentially zoonotic known bacteria in rodent samples without any a priori on
their presence. In addition, the use of multiplexing techniques granted us the ability to screen
these microorganisms in each individual rodent, while the experimental costs remained com-
patible with cohort studies. However, one important limitation is the low accuracy of species-
specific taxonomic determination. When this constraint is managed, NGS methods could be
utilized for pre-screening, prior to species-specific tests using classical PCR and/or qPCR
approaches. We are convinced that following their recent development, NGS techniques are
ideally suited for routine implementation in future large-scale epidemiological studies. Their
application should not be restricted to rodents, and wider study designs based on the sampling
of reservoir and vector communities within specific areas would give important information
about epidemiological cycles for poorly known bacteria. Complementarily, we showed that
NGS can provide suitable datasets for the study of microorganism interactions. To predict and
control the etiological agents of diseases in natural populations it is essential not only to under-
stand host-parasite interactions but also the entire interactions of microorganism communi-
ties. We believe that the use of NGS techniques will pave the way for greater understanding of
this field.
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S1 Fig. Relative proportion of the number of reads for each bacterial genus with different
NGS approaches. RNA sequencing processed with HiSeq (RNA-Seq) vs. 16S metagenomics
processed with either 454-pyrosequencing (16S-454) or MiSeq (16S-MiSeq).
(TIF)
S2 Fig. Correlation between the number of bacterial reads produced by the different NGS
approaches. RNA sequencing processed with HiSeq (RNA-Seq) vs. 16S metagenomics pro-
cessed with either 454-pyrosequencing (16S-454) or MiSeq (16S-MiSeq). Correlation
NGS for Epidemiological Surveys of Neglected Zoonotic Bacteria
PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0003929 August 18, 2015 16 / 21
coefficients (R2) and statistical significance (P) are 0.019 (P = 0.688), 0.015 (P = 0.206) and
0.293 (P<0.001), respectively.
(TIF)
S3 Fig. Correlation between the number of bacterial reads versus the number of rodent
samples with at least one read.
(TIF)
S4 Fig. Correlation between the number of bacterial reads versus the number of rodent
samples with at least ten reads.
(TIF)
S5 Fig. Distribution of the number of bacteria genera per rodent according to their trans-
mission pathway (vectored vs. non-vectored bacteria). Contaminants of laboratory reagents
are also shown. The results shown are from the MiSeq data. Prevalence is estimated using the
number of rodent samples with at least one read.
(PDF)
S6 Fig. Distribution of the number of bacteria genera per rodent according to their trans-
mission pathway (vectored vs. non-vectored bacteria). Contaminants of laboratory reagents
are also shown. The results shown are from the MiSeq data. Prevalence is estimated using the
number of rodent samples with at least ten reads.
(PDF)
Acknowledgments
We wish to thank Marta Palmeirim and Audrey Desclaux for their dedication during sample
preparation, Emmanuel Guivier and Yannick Chaval for their sampling efforts, Justine Cheval
and Charles Hebert for providing us with the RNA-Seq data, and Hélène Vignes for her assis-
tance with MiSeq. We are grateful to the Toulouse Midi-Pyrenees GenoToul bioinformatics
platform for providing help and computing storage resources thanks to Galaxy instance http://
sigenae-workbench.toulouse.inra.fr.
Author Contributions
Conceived and designed the experiments: JFC MRMGMEMVT. Performed the experiments:
MGMR. Analyzed the data: MR MGMB SM CK JFC NC. Wrote the paper: MR JFC. Helped
to draft the manuscript: MG NCMEMVT.
References
1. Taylor LH, Latham SM,Woolhouse ME. Risk factors for human disease emergence. Philos Trans R
Soc Lond B Biol Sci. 2001 Jul 29; 356(1411):983–9. PMID: 11516376
2. Jones KE, Patel NG, Levy MA, Storeygard A, Balk D, Gittleman JL, et al. Global trends in emerging
infectious diseases. Nature. 2008 Feb 21; 451(7181):990–3. doi: 10.1038/nature06536 PMID:
18288193
3. Meerburg BG, Singleton GR, Kijlstra A. Rodent-borne diseases and their risks for public health. Crit
Rev Microbiol. 2009 35:221–270. doi: 10.1080/10408410902989837 PMID: 19548807
4. Vayssier-Taussat M, Albina E, Citti C, Cosson J-F, Jacques M-A, Lebrun M-H, et al. Shifting the para-
digm from pathogens to pathobiome: new concepts in the light of meta-omics. Front Cell Infect Micro-
biol. 2014Mar 5; 4:29. doi: 10.3389/fcimb.2014.00029 PMID: 24634890
5. Stecher B, Berry D, Loy A. Colonization resistance and microbial ecophysiology: using gnotobiotic
mouse models and single-cell technology to explore the intestinal jungle. FEMSMicrob Rev. 2013
37:793–829.
NGS for Epidemiological Surveys of Neglected Zoonotic Bacteria
PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0003929 August 18, 2015 17 / 21
6. Bassis CM, Theriot CM, Young VB. Alteration of the murine gastrointestinal microbiota by tigecycline
leads to increased susceptibility toClostridium difficile infection. Infection Antimicrob Agents Che-
mother. 2014 58(5):2767–2774. doi: 10.1128/AAC.02262-13 PMID: 24590475
7. Cox FEG. Concomitant infections, parasites and immune responses. Parasitology. 2001 122(S1,
Suppl):S23–S38.
8. Telfer S, Lambin X, Birtles R, Beldomenico P, Burthe S, Paterson S, et al. Species interactions in a par-
asite community drive infection risk in a wildlife population. Science. 2010 330:243–246. doi: 10.1126/
science.1190333 PMID: 20929776
9. Tadin A, Turk N, Korva M, Margaletić J, Beck R, Vucelja M, et al. Multiple co-infections of rodents with
hantaviruses, Leptospira, and Babesia in Croatia. Vector Borne Zoonotic Dis. 2012 12(5):388–92. doi:
10.1089/vbz.2011.0632 PMID: 22217170
10. Chiu CY. Viral pathogen discovery. Current Opinion in Microbiology. 2013 16:468–478. doi: 10.1016/j.
mib.2013.05.001 PMID: 23725672
11. Tokarz R, Williams SH, Sameroff S, Sanchez Leon M, Jain K, Lipkin WI. Virome analysis of
Amblyomma americanum, Dermacentor variabilis, and Ixodes scapularis ticks reveals novel highly
divergent vertebrate and invertebrate viruses. J Virol. 2014 88(19):11480–92. doi: 10.1128/JVI.01858-
14 PMID: 25056893
12. Drexler JF, Corman VM, Müller MA, Lukashev AN, Gmyl A, Coutard B, et al. Evidence for novel Hepaci-
viruses in rodents. PLoS Pathog. 2013 9(6):e1003438. doi: 10.1371/journal.ppat.1003438 PMID:
23818848
13. Vayssier-Taussat M, Moutailler S, Michelet L, Devillers E, Bonnet S, Cheval J, et al. Next generation
sequencing uncovers unexpected bacterial pathogens in ticks in Western Europe. PLoS ONE. 2013
8(11):e81439. doi: 10.1371/journal.pone.0081439 PMID: 24312301
14. Qiu Y, Nakao R, Ohnuma A, Kawamori F, Sugimoto C. Microbial population analysis of the salivary
glands of ticks; A possible strategy for the surveillance of bacterial pathogens. PLoS ONE. 2014 9(8):
e103961. doi: 10.1371/journal.pone.0103961 PMID: 25089898
15. Bonnet S, Michelet L, Moutailler S, Cheval J, Hébert C, Vayssier-Taussat M, et al. Identification of para-
sitic communities within European ticks using next-generation sequencing. PLoS Negl Trop Dis. 2014
8(3):e2753. doi: 10.1371/journal.pntd.0002753 PMID: 24675738
16. Sauvage F, Penalba C, Vuillaume P, Boue F, Coudrier D, Pontier D, et al. Puumala hantavirus infection
in humans and in the reservoir host, Ardennes region, France. Emerg Infect Dis. 2002 8:1509–11.
PMID: 12498675
17. Cosson J- F, Picardeau M, Mielcarek M, Tatard C, Chaval Y, Suputtamongkol Y, et al. Epidemiology of
Leptospira transmitted by rodents in Southeast Asia. PLoS Negl Trop Dis. 2014 8(6):e2902. doi: 10.
1371/journal.pntd.0002902 PMID: 24901706
18. Guivier E, Galan M, Chaval Y, Xuéreb A, Ribas Salvador A, Poulle ML, et al. Landscape genetics high-
light the role of bank vole metapopulation dynamics in the epidemiology of Puumala hantavirus. Mol
Ecol. 2011 20:3569–3583. doi: 10.1111/j.1365-294X.2011.05199.x PMID: 21819469
19. Herbreteau V, Jittapalapong S, RerkamnuaychokeW, Chaval Y, Cosson JF, Morand S. Protocols for
field and laboratory rodent studies. Kasetsart University Press; 2011. (http://www.ceropath.org/
research/protocols).
20. Cheval J, Sauvage V, Frangeul L, Dacheux L, Guigon G, Dumey N, et al. Evaluation of high-throughput
sequencing for identifying known and unknown viruses in biological samples. J Clin Microbiol. 2011
49(9):3268–3275. doi: 10.1128/JCM.00850-11 PMID: 21715589
21. Claesson MJ, Wang Q, O'Sullivan O, Greene-Diniz R, Cole JR, Ross RP, et al. Comparison of two
next-generation sequencing technologies for resolving highly complex microbiota composition using
tandem variable 16S rRNA gene regions. Nucleic Acids Res. 2010 38(22):e200. doi: 10.1093/nar/
gkq873 PMID: 20880993
22. Galan M, Pagès M, Cosson JF. Next-generation sequencing for rodent barcoding: species identification
from fresh, degraded and environmental samples. PLoS ONE. 2012 7(11):e48374. doi: 10.1371/
journal.pone.0048374 PMID: 23144869
23. Kozich JJ, Westcott SL, Baxter NT, Highlander SK, Schloss PD. Development of a dual-index sequenc-
ing strategy and curation pipeline for analyzing amplicon sequence data on the MiSeq Illumina
sequencing platform. Applied and Environmental Microbiology 2013, 79(17):5112–20.34. doi: 10.
1128/AEM.01043-13 PMID: 23793624
24. Li R, Yu C, Li Y, Lam TW, Yiu SM, Kristiansen K, et al. SOAP2: an improved ultrafast tool for short read
alignment. Bioinformatics. 2009 doi: 10.1093/bioinformatics/btp336
NGS for Epidemiological Surveys of Neglected Zoonotic Bacteria
PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0003929 August 18, 2015 18 / 21
25. Goecks J, Nekrutenko A, Taylor J, The Galaxy Tea.: Galaxy: a comprehensive approach for supporting
accessible, reproducible, and transparent computational research in the life sciences. Genome Biol.
2010 25; 11(8):R86. doi: 10.1186/gb-2010-11-8-r86 PMID: 20738864
26. Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, et al. Introducing mothur:
Open-Source, Platform-Independent, Community-Supported Software for Describing and Comparing
Microbial Communities. Appl Environ Microbiol. 2009 75(23):7537–41. doi: 10.1128/AEM.01541-09
PMID: 19801464
27. Schloss PD, Gevers D, Westcott SL. Reducing the effects of PCR amplification and sequencing arti-
facts on 16S rRNA-based studies. PloS ONE. 2011 6:e27310. doi: 10.1371/journal.pone.0027310
PMID: 22194782
28. Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian classifier for rapid assignment of rRNA
sequences into the new bacterial taxonomy. Appl Environ Microbiol. 2007 73:5261–5267. PMID:
17586664
29. Garrity GM, Bell JA, Lilburn TG. Taxonomic outline of the procaryotes. Bergey's manual of systematic
bacteriology, 2nd ed., release 5.0. Springer-Verlag, New York, NY.
30. Cole JR, Wang Q, Cardenas E, Fish J, Chai B, Farris RJ, et al. The Ribosomal Database Project:
improved alignments and new tools for rRNA analysis. Nucleic Acids Res. 2009 37(suppl 1):D141–D145.
31. Claesson MJ, O'Sullivan O, Wang Q, Nikkilä J, Marchesi JR, Smidt H, et al. Comparative analysis of
pyrosequencing and a phylogenetic microarray for exploring microbial community structures in the
human distal intestine. PLoS ONE. 2009 4(8):e6669. doi: 10.1371/journal.pone.0006669 PMID:
19693277
32. Chakravorty S, Helb D, Burday M, Connell N, Alland D. A detailed analysis of 16S ribosomal RNA gene
segments for the diagnosis of pathogenic bacteria. J Microbiol Methods. 2007 69:330–339. PMID:
17391789
33. Singleton GR, Smythe L, Smith G, Spratt DM, Aplin K, Smith LA. Rodent diseases in Southeast Asia
and Australia:inventory of recent surveys. In: Singleton GR, Hinds LA, Krebs CJ, Spratt DM, editors.
Rats, Mice and People: Rodent Biology and Management. Australian Centre for International Agricul-
tural Research, Canberra; 2003. pp.487–498.
34. Gratz NG. Vector- and rodent-borne diseases of Europe and North America: Distribution, Public health
burden and Control. Cambridge University press, Cambridge; 2006.
35. Besselsen DG, Franklin CL, Livingston RS, Riley LK. Lurking in the Shadows: Emerging rodent infec-
tious diseases. ILAR J. 2008 49(3):277–290. PMID: 18506061
36. Luis AD, Hayman DT, O'Shea TJ, Cryan PM, Gilbert AT, Puliman JR, et al. A comparison of bats and
rodents as reservoirs of zoonotic viruses: are bats special? Proc R Soc London B. 2013
280:20122753.37.
37. Kosoy M, Khlyap L, Cosson JF, Morand S. Aboriginal and Invasive Rats of Genus Rattus as Hosts of
Infectious Agents. Vector Borne Zoonotic Dis. 2015 15(1):3–12. doi: 10.1089/vbz.2014.1629 PMID:
25629775
38. Galan M, Razzauti M, Bernard M, Maman S, Klopp C, Eloi M (2015) Data from: A comparison between
transcriptome sequencing and 16Smetagenomics for detection of bacterial pathogens in wildlife.
Dryad Digital Repository.
39. Kennedy K, Hall MW, Lynch MDJ, Moreno-Hagelsieb G, Neufeld JD. Evaluating bias of Illumina-based
16S rRNA gene profiles. Appl Environ Microbiol. 2014 80(18):5717–5722. doi: 10.1128/AEM.01451-14
PMID: 25002428
40. Kelly DJ, Fuerst PA, ChingW-M, Richards AL. Scrub Typhus: The Geographic Distribution of Pheno-
typic and Genotypic Variants ofOrientia Tsutsugamushi. Clin Infect Dis. 2009 Mar 15; 48 Suppl 3:
S203–30. doi: 10.1086/596576 PMID: 19220144
41. Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B. Mapping and quantifying mammalian tran-
scriptomes by RNASeq. Nature Methods. 2008 5(7):621–628. doi: 10.1038/nmeth.1226 PMID:
18516045
42. Logares R, Sunagawa S, Salazar G, Cornejo-Castillo FM, Ferrera I, Sarmento H, et al. Metagenomic
16S rDNA Illumina tags are a powerful alternative to amplicon sequencing to explore diversity and
structure of microbial communities. Environ Microbiol. 2013 16(9):2659–2671. doi: 10.1111/1462-
2920.12250 PMID: 24102695
43. Salter S, Cox M, Turek E, Calus S, CooksonW, Moffatt M, et al. Reagent contamination can critically
impact sequence-based microbiome analyses. BMC Biology. 2014 12:87. doi: 10.1186/s12915-014-
0087-z PMID: 25387460
NGS for Epidemiological Surveys of Neglected Zoonotic Bacteria
PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0003929 August 18, 2015 19 / 21
44. Izzard L, Fuller A, Blacksell SD, Paris DH, Richards AL, Aukkanit N, et al. Isolation of a novelOrientia
species (O. chuto sp. nov.) from a patient infected in Dubai. J Clin Microbiol. 2010 48(12):4404–4409.
doi: 10.1128/JCM.01526-10 PMID: 20926708
45. Watt G, Parola P. Scrub typhus and tropical rickettsioses. Curr Opin Infect Dis. 2003 16(5):429–36.
PMID: 14501995
46. Cosson JF, Galan M, Bard E, Razzauti M, Bernard M, Morand S, et al. Detection ofOrientia sp. DNA in
rodents from Asia, West Africa and Europe. Parasites & Vectors 2015, 8:172.
47. Parsonnet J, Friedman GD, Vandersteen DP, Chang Y, Vogelman JH, Orentreich N, et al. Helicobacter
pilori infection and risk of gastric carcinoma. New England Journal of Medicine. 1991 325(16):
1127–1131. PMID: 1891020
48. Casswall TH, Németh A, Nilsson I, Wadström T, Nilsson HO. Helicobacter species DNA in liver and
gastric tissues in children and adolescents with chronic liver disease. Scand J Gastroenterol. 2010
45(2):160–167. doi: 10.3109/00365520903426915 PMID: 20095882
49. Wasimuddin DČ, Cízková D, Bryja J, Albrechtová J, Hauffe HC, Piálek J. High prevalence and species
diversity of mice Helicobacter spp. detected in wild house mice. Appl Environ Microbiol. 2012 78(22):
8158. doi: 10.1128/AEM.01989-12 PMID: 22961895
50. Xie J, Vilchez I, Mateos M. Spiroplasma bacteria enhance survival of Drosophila hydei attacked by the
parasitic wasp Leptopilina heterotoma. PLoS ONE. 2010 5(8):e12149. doi: 10.1371/journal.pone.
0012149 PMID: 20730104
51. Bastian FO, Sanders DE, ForbesWA, Hagius SD, Walker JV, HenkWG, et al. Spiroplasma spp. from
transmissible spongiform encephalopathy brains or ticks induce spongiform encephalopathy in rumi-
nants. J Medical Microbiol. 2007 56(9):1235–1252.
52. Nossa CW, Oberdorf WE, Yang L, Aas JA, Paster BJ, Desantis TZ, et al. Design of 16S rRNA gene
primers for 454 pyrosequencing of the human foregut microbiome. World J Gastroenterol. 2010
16:4135–4144. PMID: 20806429
53. Větrovský T, Baldrian P. The Variability of the 16S rRNA Gene in Bacterial Genomes and Its Conse-
quences for Bacterial Community Analyses. PLoS ONE. 2013 8(2):e57923. doi: 10.1371/journal.pone.
0057923 PMID: 23460914
54. Buffet JP, Kosoy M, Vayssier-Taussat M. Natural history of Bartonella infecting rodents in light of new
knowledge on genomics, diversity and evolution. Future Microbiology. 2013 8(9):1–12.
55. Di Bella JM, Bao Y, Gloor GB, Burton JP, Reid G. High throughput sequencing methods and analysis
for microbiome research. J Microbiol Methods. 2013 Dec 9; 95(3):401–14. doi: 10.1016/j.mimet.2013.
08.011 PMID: 24029734
56. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA ribosomal RNA gene
database project: improved data processing and web-based tools. Opens external link in new window.
Nucl Acids Res. 2013 41(D1):D590–D596.
57. DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, et al. Greengenes, a Chimera-
Checked 16S rRNAGene Database andWorkbench Compatible with ARB. Appl Environ Microbiol.
2006 72:5069–72. PMID: 16820507
58. Werner JJ, Koren O, Hugenholtz P, DeSantis TZ, Walters WA, Caporaso JG, et al. Impact of training
sets on classification of high-throughput bacterial 16S rRNA gene surveys. The ISME Journal. 2012
6:94–103. doi: 10.1038/ismej.2011.82 PMID: 21716311
59. Miller CS, Baker BJ, Thomas BC, Singer SW, Banfield JF. EMIRGE: reconstruction of full-length ribo-
somal genes frommicrobial community short read sequencing data. Genome Biol. 2011 12:R44. doi:
10.1186/gb-2011-12-5-r44 PMID: 21595876
60. Norman AF, Regnery R, Jameson P, Greene C, Krause DC. Differentiation of Bartonella-like isolates at
the species level by PCR-restriction fragment length polymorphism in the citrate synthase gene. J Clin
Microbiol. 1995 33:1797–1803. PMID: 7545181
61. Simser JA, Palmer AT, Munderloh UG, Kurtti TJ. Isolation of a spotted fever group rickettsia, Rickettsia
peacockii, in a Rocky Mountain wood tick, Dermacentor andersoni, cell line. Appl Environ Microbiol.
2001 67:546–552. PMID: 11157215
62. Michelet L, Delannoy S, Devillers E, Umhang G, Aspan A, JuremalmM, et al. High-throughput screen-
ing of tick-borne pathogens in Europe. Front Cell Infect Microbiol. 2014 4:103. doi: 10.3389/fcimb.
2014.00103 PMID: 25120960
63. Cosson JF, Michelet L, Chotte J, Le Naour E, Cote M, Devillers E, et al. Genetic characterization of the
Human Relapsing Fever Spirochete Borrelia miyamotoi in vectors and animal reservoirs of Lyme dis-
ease spirochetes in France. Parasites & Vectors. 2014 7:233.
NGS for Epidemiological Surveys of Neglected Zoonotic Bacteria
PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0003929 August 18, 2015 20 / 21
64. Schex S, Dobler G, Riehm J, Müller J, Essbauer S. Rickettsia spp. in wild small mammals in lower
Bavaria, South-Eastern Germany. Vector-Borne and Zoonotic Diseases. 2011 11(5): 493–502. doi: 10.
1089/vbz.2010.0060 PMID: 20925521
65. Vayssier-Taussat M, Maaoui N, Le Rhun D, Buffet JP, Galan M, Guivier E, et al. First detection of the
novel human pathogen Candidatus Neoehrlichia mikurensis in wild rodents, France. Emerg Infect Dis.
2012 18:2063–2065.
66. Christova I, Gladnishka T. Prevalence of infection with Francisella tularensis, Borrelia burgdorferi sensu
lato and Anaplasma phagocytophilum in rodents from an endemic focus of tularemia in Bulgaria. Ann
Agric Environ Med. 2005 12(1):149–52. PMID: 16028881
NGS for Epidemiological Surveys of Neglected Zoonotic Bacteria
PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0003929 August 18, 2015 21 / 21
